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Abstract: Metal matrix composite (MMC) materials are increasingly used in industrial sectors such
as energy, structural, aerospace, and automotive. This is due to the improvement of properties by
the addition of reinforcements. Thus, it is possible to obtain properties of higher strength, better
rigidity, controlled thermal expansion, and elevated wear resistance. However, due to the extreme
hardness achieved during their manufacture, these composites pose a challenge to the conventional
machining industry due to the rapid deterioration experienced by cutting tools. This article therefore
proposes the use of an unconventional machining method that is becoming increasingly widely
used: abrasive water jet cutting. This process is characterized by high production rates, absence of
wear, and environmental friendliness, among other advantages. Experimental tests were carried
out in order to analyze results that minimize the formation of defects in the machining of metal
matrix composite consisting of aluminium matrix with silicon carbide (Al-SiC MMC). To this end,
results were analyzed using Scanning Optical and Electron Microscope (SOM/SEM) techniques, the
taper angle was calculated, and areas with different surface quality were detected by measuring
the roughness.
Keywords: AWJM; waterjet; MMC; MMC A356/SiC; kerf taper; taper angle; surface quality; roughness;
SOM; SEM; ANOVA
1. Introduction
The transport sector is one of the main contributors to environmental pollution, second only
to the energy sector. Growing concern for the environment and strict pollution control regulations
have forced transport manufacturers to develop materials and manufacturing technologies to reduce
pollution [1]. In this context, composite materials with excellent properties/weight ratio have made it
possible for vehicles to reduce their weight and, thus, their consumption and emissions.
Composite materials have long been generally used in the transport sector as substitutes for more
traditional metal materials such as steel. Therefore, 21% of the general consumption of these materials
is precisely for transport, mainly by air and land. Furthermore, the general trend is for the consumption
of these materials to grow by more than 8% by 2025 [1].
The most commonly used compounds are polymeric matrix materials, such as Carbon-Fiber-
Reinforced Polymer (CFRP) or Glass-Fiber-Reinforced Polymer (GFRP). However, in the transportation
industry, a significant growth in the consumption of metal matrix composite (MMC) is expected
because they offer important characteristics that cannot be obtained by other compounds. This growth
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is estimated to be around 30% [2]. For example, in a sector such as the automotive industry, polymer
matrix composite materials are the most used and will continue to be so in the coming years. However,
the growth in percentage of MMCs is expected to double by 2025 [3]. This is mainly due to the search
for lighter alternatives to conventional metallic materials used in critical structural areas and in the
powertrain to reduce consumption. Therefore, it is expected that while the outer areas will be produced
with CFRP, the structural areas of the chassis will be produced with MCC [4].
The other sectors linked to the transport industry are following the same trend, since by adding
reinforcements to a metal matrix it is possible to obtain a material 30%–40% more rigid than the matrix
material. Thus, in addition to the improvement of mechanical properties, other properties such as
high temperature resistance, fire resistance, control of thermal and electrical conductivity, or improved
radiation resistance are achieved [1]. Therefore, it is an ideal material for industries that require
lightweight materials with excellent properties.
On the other hand, there are many types of MMC depending on the matrix and the reinforcement.
The most interesting industrial MMCs contain an aluminium matrix [4]. Their demand with respect
to the other MMCs is more than 30%, being also the most consumed by the transport industry [5].
The reinforcements are usually ceramic and discontinuous, in the form of particles or short fibers.
The high configuration capacity of polymeric composite materials is also transferable to the MMCs,
where it is possible to control the quantity and type of reinforcements in order to design their mechanical
and thermal properties [6].
These excellent characteristics are responsible for the difficulties that arise during the shaping of
these materials in processes such as machining that attempt to adjust the part to the final geometry [6].
The conventional machining of these materials is tremendously complex due to the abrasive conditions
of the material that lead in relatively short times to the deterioration of the tool. This was the case in
the study by Chaudhary et al. [7] where, in spite of using tools with Poly-Crystalline Diamond (PCD),
the result of the drilling process was not adequate due to the rapid deterioration of the tool. Despite
this, the roughness (Ra) obtained was about 0.8 µm. Something similar happened to Ramasubramanian
et al. [8], where in the turning process of an Al-SiC MMC, tools with advanced coatings such as
microcrystalline diamond (MCD) or nanocrystalline diamond (NCD) had a life of about two minutes,
and others with simpler coatings, like TiAlN, suffered catastrophic breakage.
Therefore, the most recent research is based on the use of nonconventional machining technologies
where the mechanical and thermal properties of these materials do not adversely affect the forming
process. This is the case in laser cutting. There have been several investigations concerning the use
of this technology with MMCs. However, the thermal properties of MMCs influence the process
negatively. Thus, Sharma and Kumar [9] determined that in an Al-SiC MMC, in spite of being viable
and obtaining a roughness (Ra) of around 1.3 µm with reduced shape defects, behavior appeared
during the fusion of the material which could generate defects and even cause microfractures.
Likewise, there have been studies on the use of the electro-erosion process, which is presented
as a viable alternative for the forming of these materials [10]. However, as this process is generally
slow, and its main attraction is to obtain good qualities, it should be combined with another process
to improve performance, such as abrasive water jet machining (AWJM) [10,11]. This unconventional
process meets the necessary conditions for cutting in terms of time ratios, wear reduction, and absence
of thermal defects. Thus, although waterjet cutting is an increasingly widely used technology, there are
no optimal machining parameters for MMCs that reduce the occurrence of defects and improve the
dimensional and geometric quality of the machined component [12].
Defects in AWJM are mainly due to distortions in taper and surface quality and are directly related
to parameters such as Transverse Feed Rate (TFR), Stand-Off Distance (SOD), Water Pressure (WP),
and Abrasive Mass Flow Rate (AMFR), as well as material conditions and material thickness. These
defects produce a negative impact on the surface integrity of the parts obtained due to the progressive
growth of roughness as the material thickness increases and the appearance of striation marks due
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to jet delay when it lacks kinetic energy [13]. As a result, up to three possible cutting regions can be
obtained [12,14], as shown in Figure 1:
- Initial Damage Region (IDR). The impact of the jet deforms the surface of the material by the
successive impact of particles.
- Smooth Cutting Region (SCR). The jet still has sufficient kinetic energy and the roughness obtained
is reduced.
- Rough Cutting Region (RCR). Characterized by the detection of marks caused by jet delay at the
output of the material. This is the area where the worst roughness results are obtained.
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Figure 1. Scheme of cutting regions in abrasive water jet machining (AWJM).
In this article, the main objective is to ini ize the formation of defects in MC cutting through
AWJM by controlling TFR, WP, and AMFR. To this end, up to 27 straight cuts were made while varying
levels of parameters in order to identify their influence on the formation of the taper angle and the
different cutting regions (IDR, SCR, and RCR). Macrographs were taken using stereoscopic optical
microscopy (SOM) to measure the taper angle. Additionally, roughness measurements were carried
out in different areas to analyze surface quality (Zone 1, Zone 2, and Zone 3). Finally, the results were
analyzed through ANOVA and SEM in order to evaluate the influence of each test.
2. Materials and Methods
2.1. Material and Machining Process
The metal matrix composite material was A356.2 SiC 63 Cp (CPS Technologies Corp, MA, USA),
with composition shown in Table 1. To determine the composition of the alloy, the website "MatWeb"
(MatWeb, Blacksburg, VA, USA) was used [15].
Table 1. Composition of the A356.2 SiC 63 Cp alloy.
Alloy Al Cu Fe Mg Mn Si Ti Zn Others
A356.2 91.10–93.30 ≤0.20 ≤0.20 0.25–0.45 ≤0.10 6.5–7.5 ≤0.20 ≤0.10 0.15
To carry out this experiment, two plates of A356.2 SiC 63 Cp alloy were used. The size of each
one was 180 × 115 × 5.5 mm. The machining process was performed via AWJM, that this consisted
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of the production of 27 cuts spaced 6 mm apart, each with a total length of 60 mm. For this purpose,
a TCI Cutting (TCI cutting, Valencia, Spain) waterjet machine was employed. In Table 2, the cutting
parameters used in the experimental methodology are shown.
Table 2. Cutting parameters: working pressure (WP), abrasive mass flow rate (AMFR), traverse feed
rating (TFR).
Parameter Levels
WP (MPa) 250 380 500
AMFR (g/min) 170 340 450
TFR (mm/min) 100 300 500
Moreover, during the machining process, the parameters shown in Table 3 were kept constant.













0.30 250 380 500 Garnet 2.5
Finally, in order to study the penetration of the jet into the material and the deviations generated
at the outlet of the material, the machining process was recorded using a Redlake Motion Pro X4
high-speed camera with a capture frequency of up to 8000 frames per second (fps) (Del Imaging
Systems LLC, Swiftwater Circle Woodsville, NH, USA).
2.2. Test Evaluation
Surface integrity was evaluated in terms of geometrical properties. From the point of view of
micro-geometrical properties, the roughness average (Ra) was measured. For its part, the kerf taper
angle (T) was the variable chosen for the evaluation of macro-geometrical properties. For measuring
roughness profiles, the following methodology was taken into account. The cutting area was divided
into three zones, where Figure 2 shows the distance at which each measurement was taken.
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In this way, all micro-geometrical changes that take place during the cutting process were
considered (Figure 2).
To carry out the measurements, a Mahr Pertometer Concept PGK 120 roughness tester (Mahr,
Göttingen, Germany) was employed. In addition, in the evaluation of the micro-geometrical properties,
an optical inspection was also carried out via the use of a scanning electronic microscope (SEM). In this
case, a Hitachi SU 1510 (Hitachi, Tokio, Japan) microscope was employed. Moreover, analysis by
SOM techniques was performed using a SMZ-800 Nikon microscope (Nikon, Tokyo, Japan) which had
a 5-megapixel Optikam B5 optical camera (Optika, Ponteranica, Italy).







In this equation, and as can be seen in Figure 2, Wt is the width of the slot produced by the very
first impact of the water jet, while Wb is the width generated by the outlet of the jet. To measure
these variables (Wt, Wb) in the machined pieces, the free software Image J was used. Figure 3 shows
an example of measurement. The procedure followed before carrying out the measurement consisted of
a previous image calibration process to determine the pixel/mm ratio. In this way, all the measurements
made directly on the images returned a correct result. In addition, by processing the image, the area
damaged by erosion caused by loss of coherence of the jet was identified (see Figure 3).
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Figure 3. The cutting process performed: (a) Top of the cut material. Erosion-affected zone and
measurement of the Wt parameter; (b) Bottom of the cut material. Measurement of parameter Wb.
2.3. Analysis of Results
Analysis of the results was carried out by following three main steps. The first one consisted of
identifying the trends between the cutting parameters and the variables studied. The second step was
based on quantifying the weight of each of the cutting parameters. To do this, an analysis of variance
(ANOVA) was carried out with a 95% confidence interval. Finally, contour graphs were produced
taking into account the results obtained in the ANOVA study. The statistical analysis performed was
carried out using Minitab statistical software.
3. Results and Discussion
3.1. Global Analysis of Results
Table 4 shows the measurement results obtained for T and the different roughness zones.
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Table 4. Results obtained during the evaluation for each combination of parameters: working pressure














1 500 170 100 1.34 8.91 8.41 9.79
2 500 170 300 1.51 14.71 13.30 22.03
3 500 170 500 1.54 13.54 13.50 30.30
4 500 340 100 1.13 7.76 5.95 7.56
5 500 340 300 1.53 8.60 8.49 12.07
6 500 340 500 1.60 10.52 9.12 14.21
7 500 450 100 1.42 6.96 6.20 5.70
8 500 450 300 1.55 8.36 8.58 9.01
9 500 450 500 1.65 8.42 8.21 14.81
10 380 170 100 1.41 7.73 6.34 7.35
11 380 170 300 1.49 7.64 5.25 11.52
12 380 170 500 1.81 7.59 6.24 19.31
13 380 340 100 1.39 6.44 4.98 5.48
14 380 340 300 1.44 7.52 7.01 11.12
15 380 340 500 1.74 9.33 7.31 16.45
16 380 450 100 1.55 5.04 4.56 5.28
17 380 450 300 1.91 6.61 5.92 10.18
18 380 450 500 1.89 5.90 4.94 13.43
19 250 170 100 1.59 3.89 4.13 7.27
20 250 170 300 1.67 6.41 6.85 17.05
21 250 170 500 - 35.79 35.01 53.05
22 250 340 100 1.51 4.43 3.78 4.68
23 250 340 300 1.86 7.27 6.06 13.29
24 250 340 500 - 35.69 34.71 56.03
25 250 450 100 1.52 3.65 3.57 4.62
26 250 450 300 1.69 5.17 5.00 11.82
27 250 450 500 - 33.99 32.07 52.21
3.1.1. Taper Analysis
The data for Tests 21, 24, and 27 were not measured due to the high deviations obtained at
the cutting output, as shown in the example of Test 21 in Figure 4a. This phenomenon occurred as
a result of the combination of low pressure levels together with high feed rates. To characterize the
formation of the geometry at the exit of the piece, different frames were captured from the high-speed
video. Specifically, Figure 4b shows the capture of the piercing when it passes through the material.
Subsequently, Figure 4c,d shows two frames of when the jet is machining the groove. The images show
the change in direction in the jet deflection and are attributed to the difficulty experienced when cutting
the material. Thus, the combination of parameters and the hardness of the reinforced compound
caused a zig-zag effect in the jet that also produced the characteristic striation marks at the exit of the
cut [14].
As for the results obtained, Figure 5 shows a graph of the interaction between parameter levels
for the variable T. The data reflect that there is not a high variation in the taper angle since all the
results are between values of 1◦ and 2◦. However, trends can be observed according to the levels of
parameters used. Thus, low T results are mainly obtained when WP is high (500 MPa) and TFR is
low (100 mm/min). This is due to the fact that under high pressure conditions together with low feed
rates, the jet has higher kinetic energy and, therefore, a higher power of penetration into the material.
As these two parameters vary, most of the dispersion of results occurs, as shown in the slope of the
graphs relating these parameters. It should be noted that the influence of WP and TFR on T formation
is in good agreement with what has been previously determined by different authors in various
materials [16–18]. The AMFR parameter has a minor influence compared to the other parameters.
This phenomenon can also be seen in the slope of the graph relating AMFR to WP and TFR. In this
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case, average values of abrasive (340 g/min) imply a slight decrease in T. Both excess and defective
abrasive imply a loss of efficiency during cutting. High rates of AMFR cause abrasive particles to
collide with each other before entering the material, with consequent loss of energy and deviation of
speed and trajectory. On the other hand, reduced rates cause the jet to be unable to erode the surface of
the material or penetrate the material adequately, favoring the formation of defects or even cuts that
do not penetrate the material completely.
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Figure 8 shows pictures taken via SOM/SE techniques from Tests 7 and 21 in order to compare
measurement areas for tests with parameters of opposite levels. Figure 8a,b shows how there are
macro-geometrical differences caused by jet deflection, but no apparent deformation defects caused by
jet impact at the material inlet. SEM analysis in Figure 8c,d reveals that localized areas appear at the
material inlet where localized material detachments are distinguished, as well as IDR identified with
Zone 1. In order to obtain more information about this phenomenon, Figure 9 shows SEM images with
×10 magnification.
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Figure 8. Difference between cutting profiles for (a) SOM image. Jet inlet. Test 7. WP = 500 = MPa;
AMFR = 450 g/min; TFR = 100 mm/min; (b) SOM image. Jet inlet. Test 21. WP = 250 MPa; AMFR
= 170 g/min; TFR = 500 mm/min; (c) SEM image. Test 7. IDR identification; (d) SEM image. Test 21.
IDR identification.
In Figure 9, two types of defects can be distinguished at the entry of the material. Figure 9a shows
embedded particles that have deformed the surface of the material. On the other hand, Figure 9b
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shows that in some locations there are material detachments as a result of the loss of reinforcement
particles and the successive impact of abrasive particles. Indeed, the continuous impact of particles
causes hardening by plastic deformation. This implies that the material becomes brittle as the impact
of the jet continues, producing an increase in dislocations [6,19,20]. This phenomenon, together with
the high quantity of SiC particles, produces detachment of the material in certain locations. In addition,
it is important to point out that the detached material drags pieces of particles, as shown in Figure 9b.
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Figure 9. Distinguished defects in IDR: (a); detail of aterial deformation by particle impact; (b) detail
of fragments of detached material.
Figure 10 shows the data measured in Zone 3, where it can be seen that the feed rate is the most
influential parameter. In this region, the highest values of roughness are found due to the appearance
of the jet delay phenomenon at the exit of the cut as TFR increases. This is related to the appearance
of RCR. As a result, it is possible to find different cutting regions as a function of feed speed with
roughness values up to 50 µm. The jet pressure also influences the formation of the jet lag phenomenon.
This is especially the case when the WP level is low, as this is where the highest values of roughness are
found due to the loss of jet penetration energy. However, this trend changes as WP levels of 380 MPa
and 500 MPa are reached, where some stability of roughness is achieved due to the increased kinetic
energy of the jet. On the other hand, AMFR seems to be more influential than in the previous areas,
showing a slight increase in surface quality as the abrasive rate increases.Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 17 
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Figure 11a–c shows SOM images of Tests 7, 21, and 12, respectively. In Test 7, it can be seen that
there is no jet delay due to the high pressure and low feed rate. Therefore, the roughness results for this
speed range are similar to those obtained for the rest of the zones. On the contrary, for Test 21, it can be
seen that in the whole profile of the cut, striation marks appear; therefore, SCR is not generated. This is
due to the use of low pressure and a high feed rate. Finally, for Test 12, it can be seen that there are both
areas—SCR and RCR—due to the combination of parameters. This shows the influence of the different
parameter levels and the need to limit their influence on the formation of different cutting regions.
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As for SEM analysis, Figure 12a,b shows the images of Test 7 and 21 analyzed above in order to
observe the formation of the striation phenomenon. Specifically, in Test 21, the formation of jet delay
marks is observed, accompanied by material drag at the jet exit. In addition, it is shown how, as the jet
penetrates the material, the striation becomes deeper. This is due to the combined effects of loss of
kinetic energy and jet opening at the exit of the cut.
On the other hand, Figure 12c shows how, independently of the cutting parameters used and
their influence, separate wear tracks or grooves plowed by individual abrasive grains are observed.
The width of these tracks is related to the size of the abrasive particles, although they are not uniform [20].
This lack of uniformity is attributed to the size distribution of abrasive particles as they exit the nozzle
and impact on the surface of the material. In addition, it may also be due to the fact that SiC particles are
harder than Indian garnet, so they can fracture the abrasive by breaking down the wear grooves [21].
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Figure 12. (a) SEM image. Jet outlet. Test 7. 500 = MPa; AMFR = 450 g/min; TFR = 100 mm/min;
(b) SEM image. Jet outlet. Test 21. WP = 250 MPa; AMFR = 170 g/min; TFR = 500 mm/min; (c) Detail of
grooves plowed by abrasive grains.
3.2. ANOVA
Table 5 shows the degrees of significance in percentages of the variables as a function of the
F-value and the p-value.
Table 5. Analysis of variance (ANOVA) results of the evaluated variables: traverse feed rating (TFR),
working pressure (WP), abrasive mass flow rate (AMFR).
TFR WP AMFR
Variable F p % Variable F p % Variable F p %
T 18.31 0.000 50.40 T 9.87 0.001 27.17 T 3.20 0.066 8.82
Zone 1 6.29 0.008 32.77 Zone 1 2.66 0.095 13.85 Zone 1 0.24 0.787 1.26
Zone 2 6.29 0.008 31.79 Zone 2 3.28 0.059 14.89 Zone 2 0.21 0.813 1.06
Zone 3 14.20 0.000 47.71 Zone 3 4.75 0.021 15.96 Zone 3 0.81 0.457 2.74
Figure 13 shows the main effects graph for each variable. For T (Figure 13a), the parameters
that have significance in the process are TFR and WP with F-values of 18.31 and 9.87, respectively.
This is shown in the graph where the slope of TFR indicates the degree of influence on the process.
In addition, TFR ranges from the lowest to the highest values in the process. WP shows a greater
degree of influence on defect formation when the selected pressure is in the range 380–500 MPa, which
causes a decrease in the measured taper angle from approximately 1.65◦ to 1.40◦. Finally, AMFR does
not seem to show significance in T formation. However, it is observed that the defects are lower for
340 g/min, as determined in the previous section.
As for the analysis of different roughness zones, Figure 13b–d shows the main effects graphs for
Zone 1, Zone 2, and Zone 3, respectively. The degree of influence of each parameter is described below.
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(d) Zone 3.
Zone 1. There are no significant parameters in this area. However, the degree of influence of the
factor F on the process was analyzed. Thus, the parameter with the most influence on the formation
of roughness in this zone is TFR, followed by WP and AMFR. Indeed, TFR shows an upward trend
in the graph, over the range 300–500 mm/min. In this range, there is an average increase of about
8 µm to 20 µm. WP shows variable behavior depending on the selected level. An intermediate level
provides a slightly lower roughness than a high level, which means that in roughness formation this
parameter loses significance as it reaches a certain limit with sufficient kinetic energy. AMFR seems
to have no influence on the process, although an increase in the level of abrasive produces a slight
decrease, as predicted in the overall analysis of results.
Zone 2. In this zone, both the influence of parameters and the degree of significance are similar to
those in Zone 1, although it should be noted that the roughness experiences a slight average decrease
over the process. This phenomenon can be seen in the intermediate line that appears in the graph where
the average value obtained is shown, being, in this case, less than 10 µm. The analysis in Section 3.1.2
revealed that IDR exists. However, its size is small due to the high hardness of the material. It is
characterized by the localized detachment of small amounts of material, as detected by SEM analysis.
Thus, the differences between Zone 1 and Zone 2 are mainly attributed to differences in measurement
caused by this defect.
Zone 3. The significant parameter is TFR with an F-value of 14.20. This is shown in the main
effects graph with a high slope for the entire range of levels from 100 mm/min to 500 mm/min. WP
shows a similar behavior to the above, although it experiences a high rise in roughness due to the loss
of kinetic energy of the jet in this area, especially when the pressure used is 250 MPa. The AMFR
analysis reflects that the importance of this parameter is higher in this area than in the previous ones,
reaching an F-value of 0.81 compared to 0.24 and 0.21 previously. This change of trend is in good
agreement with what was found in [16,17] and is mainly due to the loss of penetration capacity of the
jet as the material thickness increases, favoring the formation of RCR.
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3.3. Analysis of Contour Graphs
Figure 14 shows the contour graph for the variable T as a function of the variables that show
significance. Values that minimize defect formation are obtained by selecting high pressure levels and
low spindle feed rates. In this way, angles of less than 1.2◦ are obtained. Also, based on the information
obtained in previous sections, it would be more convenient to add intermediate abrasive flows to
reduce the angle.
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The results for the three contour graphs show that there is an area where roughness results
below 5 µm are obtained. Specifically, this area comprises the range 100–200 mm/min for TFR and
250–300 MPa for WP. Thus, by selecting low TFR and low and medium WP levels, it is possible to
achieve a high surface quality. It should be noted that these parameters must be accompanied by high
abrasive flow rates. On the contrary, if high TFR and low WP levels are selected, roughness values
above 50 µm are reported. This shows that TFR is the most influential parameter by zones, as shown
in Table 5.
4. Conclusions
A study on the influence of the main technological parameters on the formation of defects and
roughness zones during abrasive water jet machining of MMC material was carried out. The following
conclusions were drawn from the study carried out in relation to T formation:
- In the evaluation of the taper angle, values between 1◦ and 2◦ were obtained. The lowest values of
T were obtained using high cutting pressures and low feed rates because these are the significant
parameters in defect formation.
- In those tests where the jet lacked sufficient kinetic energy to penetrate the material, it was
possible to detect the formation of the striated zone and jet deflection at the exit of the cut through
the use of a high-speed camera.
The following conclusions were drawn from the study carried out in Zone 1, Zone 2, and Zone 3:
- The most favorable surface quality values, with roughness of around 5 µm, were obtained using
low feed speeds, pressures in the low to medium range, and high abrasive rates.
- No major differences were observed between the roughness values measured in Zone 1 and Zone
2. This highlighted the difficulty in establishing differences between IDR and SCR. However,
through SEM analysis, it was possible to detect material-specific wear mechanisms that made it
possible to distinguish between the two areas.
- The increase in the measuring distance to the thickness of the specimen made it possible to detect
striation marks due to jet delay in Zone 3 or RCR. In certain cases, values exceeding 50 µm were
reached under unfavorable cutting conditions.
- Depending on the parameter combination used, specimens with two or three regions were
characterized: IDR + SCR, IDR + RCR, and IDR + SCR + RCR.
Finally, in order to reach a compromise and minimize taper angle and roughness defects during
composite machining, the authors recommend the use of low feed rates, medium–high pressure levels,
and intermediate abrasive rates.
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